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Abstract: Trifluralin is a widely used herbicide that can be an environmental hazard due to its
sensitivity to photodegradation and volatilization to the atmosphere. Using modern techniques, such as
microencapsulation, may help maintain trifluralin activity for an appropriate period and reduce
applications' quantity and frequency. This work aimed to develop controlled-release formulations of
trifluralin by microencapsulation of the active ingredient using interfacial polymerization. The
successful encapsulation of trifluralin in the polyurethane network was confirmed by IR and *HNMR
spectroscopy, showing the two compounds' corresponding signals. Dissipation of trifluralin in the
microencapsulation and EC formulations were tested with the herbicide exposure to UV light in a
reactor for 0, 2, 4, 6, and 8 h. The results showed that the formulation significantly affected herbicide
dissipation (P<0.01). With increasing UV exposure, the active ingredient in the EC formulation
decreased linearly and reached 43% after 8 h. In comparison, only 0.9% of the initial herbicide level in
the microencapsulation was lost during the same time. Our results indicated that an effective herbicide
such as trifluralin can be protected from volatilization and photodegradation by developing a
microencapsulation formulation.
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1. Introduction

Weed infestation is one of the main limitations to crop production in agricultural
systems. Several methods such as manual, mechanical, biological, and chemical control have
been proposed to reduce weeds' negative effects on crop plant yield [1]. Among them, chemical
control is the most applicable and cost-effective method for horticultural and agricultural crops.
Trifluralin (a,a,a-trifluoro-2,6-dinitro-N,N-p-toluidine) is one of the most commonly used
selective pre-planting herbicides in the dinitroaniline chemical family [2]. It has been registered
for use in controlling annual grasses and broad-leaf weeds in important crops such as chickpea
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(Cicer ariealtinum L.), fennel (Foeniculum vulgare Mill.), common bean (Phaseolus vulgaris
L.), lentil (Lens culinaris Medik), canola (Brassica napus L.), sunflower (Helianthus annuus
L.), tomato (Lycopersicon esculentum L.) and some tropical ornamentals around the world [3-
8].

Despite the widespread adoption of trifluralin in agriculture, the recommendation of
this product has faced certain constraints. The main drawback is its specific chemical
properties, which cause trifluralin to be lost rapidly through photodegradation (the breakdown
of a substance by sunlight). Ultraviolet light (UV) is a more effective spectrum in changing
herbicides' molecular structure through their chemical bonds' breakdown. All herbicides are
susceptible to photodegradation, but for some, the effect is much more significant than for
others. For example, trifluralin is yellow in color and has a peak light absorption at 376 nm,
very close to the UV peak (400 nm). Therefore, it is highly susceptible to photodegradation
[9]. The second limitation is the susceptibility of this product to losses by volatilization under
warm temperatures. According to Maas et al. [10], under laboratory conditions, 50% of the
applied amount of trifluralin was lost by volatilization only one day after spraying. It
completely degraded in 7 days at 76 °F in non-autoclaved soils, whereas only 20% had
degraded at 38 °F [11].

Both photodegradation and volatilization can reduce the biological activity of this
herbicide [12]. Due to the poor control of target weeds, the use of complementary weed control
measures or increasing the quantity and frequency of application should maintain crop yield.
Repetitive spraying, in addition to the costs, increases the release of herbicides into the
environment. Moreover, sensitive non-target plants which grow away from the treated fields
may also be adversely affected by volatilization [13]. To alleviate the negative effects of
photodegradation and volatilization on trifluralin efficacy, growers have been advised to
incorporate the herbicide into the soil at a depth of 1 to 2 inches, using a rotary hoe disc, ground-
driven rolling cultivators, or harrow soon after application [11]. However, mixing herbicides
into the soil needs additional energy and can increase soil compaction.

The other problem associated with this product is that, despite its low water solubility,
it has been reported as a water contaminant [14]. To solve these potential problems [15],
applying controlled-release formulations of the herbicide could be cost-effective and an
environmentally-friendly method [16].

Although more investigations have been carried out in the preparation of polyurea
microcapsules using conventional chemical agents, less attention has been paid to active agents'
encapsulation using promoters or catalysts to control shell microstructure and morphology. In
the present research, the effects of the nature of emulsifier, shell monomer composition, and
the PPINO promoter on the morphology, microstructure, and thermal properties of
microcapsules containing trifluralin were investigated.

Depending on the type of polymeric material, the properties of the microcapsule may
change extensively. Ethylcellulose [17], liposomes [18], and lignin [19] are biodegradable
polymers that are generally used as safe carriers for herbicides. Numerous investigations on
polyurethane use in biomedical applications have been reported because of its excellent
physical and mechanical properties and high biocompatibility [20]. Entrapment of drugs and
pesticides and microencapsulation of water-soluble reagents in a polyurethane network have
also been reported in several studies [21-22]. Shukla et al. [23] have reported
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microencapsulation of the water-soluble pesticide, monocrotophos (MCR), using polyurethane
as the carrier polymer for the first time [23]. The delivery of theophylline from microspheres
of commercially available polyurethane has also been reported [24]. However, to the best of
our knowledge, there is no report on trifluralin's microencapsulation in a polyurethane network.

With help to protect trifluralin from photodegradation or volatilization, the use of a
reduced herbicide rate can be recommended. Reduction of environmental risk associated with
herbicide applications and simplicity of handling are additional advantages of this formulation.
Furthermore, modern techniques such as microencapsulation may help maintain the activity of
trifluralin for an appropriate period. Therefore, this work aimed to create controlled-release
formulations of trifluralin by microencapsulation of the active ingredient using interfacial
polymerization and test its capacity to reduce herbicide sensitivity to photodegradation and
volatilization.

2. Materials and Methods

Analytical grade trifluralin (95% purity) (Nanjing Fengshan Chemical Co., Ltd, China)
was used for designing controlled-release formulations. Ethylenediamine,4,4'-methylene
diphenyl diisocyanate, Arabic gum, and xylene were obtained from Merck Co., Germany.
Fourier transform infrared spectra (FT-IR) were recorded on a Bomen FT-IR-MB-series
instrument by using the KBr pellet technique. *H NMR spectrum was recorded on a Bruker
250 MHz spectrometer. The chemical shifts are expressed in ppm.

2.1. Preparation of aqueous and organic phases.

To prepare an aqueous phase system at room temperature, 2.2 g of Arabic gum as a
surface activator and stabilization of active ingredient [25-27] was dissolved in 33.5 mL of
water. To prepare the organic phase, 21 g of a herbicide-active ingredient was dissolved in 50
g of xylene as the solvent. Then 0.2 g of 4,4'-methylene diphenyl diisocyanate was added to
the xylene solution. The aqueous phase was then homogenized at 4000 rpm/min, to which the
organic phase was then added until small drops from the organic layer appeared in the aqueous
phase.

2.2. Addition of a second additive to the organic layer and interface polymerization.

After preparing the homogenous phase, 6 g of ethylenediamine (5%) was added to the
system until polymeric covers were formed and the polymerization reaction was completed.
To prevent deposition of capsules, an antibacterial agent (at a concentration of 0.1 %), and 37.9
g of the stabilizer were added to the system and the solution was mixed at 200 rpm/min for 30
min.

2.3. Quality and quantity controls.
2.3.1. GC analysis.

The quantity of active ingredients in each sample was quantified using a GC instrument
(Agilent technology7890A) equipped with HP5, 30mx0.320mmx0.25 microns, and a flame
ionization detector (FID). Nitrogen was used as a carrier gas at a constant flow of 2.5 mL/min.
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The column temperature was kept at 200 °C. The injector and detector temperatures were set
at 220 °C and 250 °C, respectively.

2.3.2. Active ingredient determination.

THF was used for the extraction of trifluralin from the capsules. For the sample
solutions preparation, 1+0.1 g of each sample was weighed in a 50 mL volumetric flask, to
which 25mLof THF was then added. The solution was mixed in an ultrasonic 40-50 °C for 15
min and was then shaken for another10 min.

2.3.3. Preparation of standard solution.

0.2 g sample of trifluralin was weighed in a 50 mL volumetric flask, to which 25 mL of
THF was then added. The solution was mixed in an ultrasonic. Both the standard and sample
solutions were injected into the GC.

2.3.4. Free trifluralin determination.

For the determination of non-encapsulated trifluralin, 2+0.1 mg of the formulation was
weighed in an Erlenmeyer flask, and 50 mL of water was then added and mixed. After that, 25
mL of n-hexane was added to the solution, which was shaken slowly for 10 min to dissolve the
free trifluralin. The organic layer was then separated by a decanter funnel and injected into the
GC. Physical and chemical properties, such aspH, suspensibility, wet sieve, persistent foam,
and heat storage tests, were determined.

2.4. Dissipation of trifluralin with exposure to natural sunlight or UV light.

The encapsulated trifluralin's photodegradation was evaluated with exposure of the
herbicide to natural sunlight for 0, 8, 16, 24, 32, and 40 h. The experiment was arranged as a
factorial, complete randomized design with three replications per treatment. The formulation
type and duration of herbicide exposure to sunlight were considered a first and second factor.
At the above-mentioned exposure times, samples were taken for formulation experiments and
also stored for subsequent GC analysis.

To evaluate the microencapsulation formulation's photodegradation relative to that of
the EC formulation, the herbicide was exposed to UV light in a reactor for 0, 2, 4, 6, and 8 h.
The experiment was arranged as a factorial, complete randomized design with four replications
per treatment. The formulation type and duration of herbicide exposure to sunlight were
considered a first and second factor. Samples were taken at the times mentioned above for
formulation experiments and were also stored for subsequent GC analysis.

Dissipationdata were analyzed using ANOVA with the PROC GLM procedure in the
SAS software version 9.1 (SAS Institute, 2002). Before analyzing the data, the assumption of
a homogeneous variation was tested.
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3. Results and discussion

3.1. Physical and chemical properties.

Microencapsulation of trifluralin in a polyurethane network was performed by in situ
interfacial polymerization of 4,4'-methylene diphenyl diisocyanate in the presence of trifluralin
and ethylenediamine as a chain extending agent (Figure 1). In general, two main processes can
be used to prepare microcapsules from the polycondensation of polyurethane. In normal
microencapsulation, polymerization of 4,4'-methylene diphenyl diisocyanate with a chain
extending agent occurs in a single phase with a fast reaction rate. On the other hand, in
interfacial polymerization, the monomer and chain extending agent are separately present in a
two-immiscible phase system. Some of the advantages of microcapsules produced by
interfacial polymerization include acquiring elevated mechanical and chemical properties, high
active loading capacities, and adaptable delivery systems. In this study, the process of
interfacial polymerization produced microcapsules with a mean diameter of 5 to 15 um, which
is in good agreement with the previously reported size for monocrotophos' microencapsulation
in polyurethane [23,28-30]. Ozkan et al. [31] reported that release characteristics of
microcapsules could affect by the particle size.

o o
X = NH,
C\N O O N/C + HZN/\/

4,4'-methylene diphenyl diisocyanate Ethylenediamine
C15H1oN,0, C,HgN2
o} o)
L ! ﬂ o
~_ O\, \N N/ \N/\/
H | | H
H H

Figure 1. Polyurethane preparation via interfacial polymerization.

Different tests were used to evaluate the pesticide-loaded polyurethane's physical and
chemical properties (Table 1). The results show the loading of 98.5% for trifluralin in the
polymer network under the conditions mentioned above.

Table 1. Physical and chemical properties of created microencapsulation formulation of trifluralin.

Before stability test After stability test?
Active ingredient(%) 20.10 20.16
none-encapsulated (g kgt of formulation) 15 -
Suspensibility (%) 87.0 85.4
pH 6.9 6.7
Wet sieve test (%) 0.12 0.20
Persistent foam (mL/after 1 min) 2 -
astorage at elevated temperature (54 -C for 14 days)
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This large value for the encapsulated trifluralin exhibits the high loading capacity of
polyurethane in capturing small pesticide molecules. The suspensibility test was also conducted
to determine the percent suspensibility of dry pesticide formulations. The results show 87%
suspensibility for the final product, which decreases to 85.4% after carrying out the heat
stability test (Table 1). This negligible decrease in suspensibility confirms the high stability of
the synthesized product's physical structure when exposed to high temperatures. The amount
of foam that was formed after dilution with water in a spray tank during application of the
microencapsulated trifluralin was found to be 2 mL (Table 1). Polyurethane formation during
the course of reactions was checked in all samples by FT-IR spectroscopy. The most
predominant peaks in the polyurethane infrared spectrum were for the carbonyl (C=0) and N—
H stretching absorptions at 1734 and 3365 cm™, respectively. Furthermore, the isocyanate
(NCO) peak at around 2270 cm™* was absent, indicating the absence of residual monomer in
the polymer (Figure 2).
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Figure 2. FT-IR spectrum of encapsulated trifluralin.

FT-IR spectroscopy was also used to investigate the chemical structure of the final
product. Figure 2 displays the FT-IR spectrum of the drug-entrapped polymer. The successful
encapsulation of trifluralin in a polyurethane network can be confirmed by the corresponding
bands of both the drug and polymer backbone.

The band at 3390 cm™ indicates the N-H stretching mode. The bands at 2948 cm™ and
2882 cm are related to the stretching vibrations of the aliphatic C-H bonds in both trifluralin
and polyurethane. The bands around 1632 cm™ can be attributed to the carbonyl group in the
polymer backbone's stretching vibration. The intense N-O stretching vibrations at 1535 cm™*
(asymmetrical) and 1301 cm™ (symmetrical) together with the aromatic C—H stretching band
around 3100 cm™ confirm the presence of trifluralin in the polymer backbone [22].

H-NMR analysis of the trifluralin-loaded polymer was also performed to confirm the
successful encapsulation process (Figure 3). The resulting spectrum for this compound is a
combination of signals of both trifluralin and the polymer backbone, dominated by intense
resonance signals at 8.46 ppm (aromatic C—H, 2H, singlet), 2.9 ppm (-CHz2-N, 4H, triplet),
1.47 ppm (—CH2—, 4H, sextet) and 0.77 ppm (—-CH3, 6H, triplet) corresponding to the trifluralin
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protons (Figure 3). The most prominent proton chemical shifts in the polymer appeared at 6.9-
7.2 ppm as a multiplet, which belongs to the aromatic protons of 4,4'-methylene diphenyl
diisocyanate in the polymer backbone, indicating that trifluralin molecules were successfully
entrapped in the polyurethane chains.
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Figure 3. THNMR spectrum of encapsulated trifluralin in DMSO-ds.
3.2. Active ingredient dissipations with exposure to natural sunlight.

Loss of trifluralin active ingredient was significantly affected by both formulation and
the time of exposure to natural sunlight. The interaction effect was also significant (Table 2).
Losingactive ingredients in the various formulations of trifluralin by exposure to sunlight is
shown in Figure 4. Following 8 h of direct exposure of the EC formulation to natural sunlight,
2% of the active ingredient was dissipated, while after 40 h of exposure to sunlight, about 11%
of the active ingredient was dissipated (Figure 4).

Unlike the EC formulation, the amount of active ingredient in the microencapsulation
formulation was not significantly decreased following 8 and 16 h of exposure to natural
sunlight. Exposure for up to 40 h resulted in only 6% loss of the active herbicide ingredient
(Figure 4). Vasilakoglou and Eleftherohorinos (1997) reported that alachlor, as a
microencapsulation formulation, was less volatile and protected from photodegradation.

Table 2. Analyses of variance of the effects of formulation, time of exposure to natural light, and their
interaction on trifluralin dissipation

Source of variation Df MS P-value
Formulation (F) 1 26.976 <0.01
Time of exposure (T) 5 71.775 <0.01
FxT 5 5.482 <0.01
Error 24 0.120 -
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3.3. Active ingredient dissipations with exposure to UV light.

Both formulation and the time of exposure to direct UV light were determinant factors
in the loss of the trifluralin active ingredient (Table 3). The actual value of the remaining
herbicide active ingredient in relation to the time of exposure to UV light is shown in Figure 5.

Active ingrident (% of non-irradiated)

100 A

95 4

90 A

85 4

80 4

75

0 10 20 30 40 50

Exposure time (hour)

Figure 4. Loss of active ingredient of two formulations of trifluralin following exposure to natural sunlight.

Vertical lines are the standard deviation of the mean.

Table 3. Analyses of variance of the effects of formulation, time of exposure to artificial UV light, and their

interaction on Trifluralin dissipation

Source of variation Df MS P-value
Formulation (F) 1 0/0117 <0.01
Time of exposure (T) 4 0/00212 <0.01
FxT 4 0/00166 <0.01
Error 30 0/000113 -
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Figure 5. Loss of active ingredient of two formulations of trifluralin following exposure to UV light in a
photochemical reactor. Vertical lines are the standard deviation of the mean.
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The results clearly showed that with increasing exposure time, the EC formulation's
active ingredient decreased linearly (y=-1.787x+98.01, R?=0.91). Following exposure to direct
UV light for 8 h, about 16% of the active ingredient was dissipated. However, the dissipation
of the active ingredient was effectively decreased using the microencapsulated formulation.
For example, during a 6 h exposure of the microencapsulated formulation to UV light, no
significant losses in the active ingredient were detected and, exposure for up to 8 h resulted in
only a 1.8% loss of the active herbicide ingredient (Figure 5). As mentioned before, 98.5% of
the trifluralin was loaded onto the polymer network. In other words, 1.5% of the none-
encapsulated trifluralin was present. It would appear that the UV light only affects the none-
encapsulated fraction of trifluralin. Microencapsulation controls the active ingredients' release
rate and protects susceptible materials from undesirable environmental conditions [32-36].

4. Conclusions

The use of herbicides is fundamental in maintaining crop yields and expanding the
extent and production area [37-45]. Under field conditions, environmental factors such as light
can have adverse effects on herbicide efficacy. Hence, growers are forced to use higher levels
or repeat the spraying process. Microencapsulation is one of the most important industrial
processes used for the production of controlled-release agricultural formulations. The main
function of encapsulation is to protect the active ingredient from the undesirable effects of
environmental factors and release it at an appropriate speed, reducing its levels in the
environment because lower amounts or fewer applications are required. In this study, the
microencapsulation of trifluralin by polyurethane using an in situ interfacial polymerization
method was achieved. Assessment of particle size indicated a maximal size of 85 um for the
obtained microcapsules. We confirmed the successful microencapsulation of trifluralin by
using IR and *HNMR spectroscopy, both of which showed the corresponding signals of the
polymer and trifluralin. This work also showed that an effective and economical herbicide such
as trifluralin could be protected from volatilization and photodegradation by synthesizing
microencapsulated formulations using interfacial polymerization. Accordingly, growers have
sufficient time to incorporate the herbicide into the soil.
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